We report here the first extensive study ofa T cell repertoire for a class I major histocompatibility complex (MHC)-restricted cytotoxic T lymphocyte (CTL) response. We have found that the T cell receptors (TCRs) carried by 28 H-2Ka-restricted CTL clones specific for a single Plasmodium berghei circumsporozoite nonapeptide are highly diverse in terms of Vg Jot, and JB segments and aminoacid composition of the junctional regions. However, despite this extensive diversity, a high proportion of the TCRs contain the same V~8 segment. These results are in contrast to most previously reported T cell responses towards class II MHC-peptide complexes, where the TCR repertoires appeared to be much more limited. In our study, the finding of a dominant V/~ in the midst of otherwise highly diverse TCRs suggests the importance of the VB segment in shaping the T cell repertoire specific for a given MHC-peptide complex. As an additional finding, we observed that nearly all clones have rearranged both TCR ot loci. Moreover, as many as one-third of the CTL clones that we analyzed apparently display two productive ot rearrangements. This argues against a regulated model of sequential recombination at the ot locus and consequently raises the question of whether allelic exclusion of the TCR ot chain is achieved at all. T he mouse TCR ot/~ is a disulphide-linked heterodimeric integral membrane glycoprotein. Each chain of •40-45 kD contains a C and a V extracellular domain (1). The diversity of each ot and B V domain results from the somatic recombination of ",,100 Va with "~50 joining ot (Jot) gene segments and of '~20 V/5 with two diversity fl (DE) and 12joining B (J~0) gene segments, respectively. Imprecise joining and addition of template-independent N-nucleotides further contribute to this diversity (2). The TCR is closely related to Ig by similar domain organization, overall sequence homology, and conservation of key residues. Along this line, Chothia et al. (3) have proposed an outline of the TCR tertiary structure, based on the known three-dimensional structure of Igs.
Plasmodium berghei circumsporozoite nonapeptide are highly diverse in terms of Vg Jot, and JB segments and aminoacid composition of the junctional regions. However, despite this extensive diversity, a high proportion of the TCRs contain the same V~8 segment. These results are in contrast to most previously reported T cell responses towards class II MHC-peptide complexes, where the TCR repertoires appeared to be much more limited. In our study, the finding of a dominant V/~ in the midst of otherwise highly diverse TCRs suggests the importance of the VB segment in shaping the T cell repertoire specific for a given MHC-peptide complex. As an additional finding, we observed that nearly all clones have rearranged both TCR ot loci. Moreover, as many as one-third of the CTL clones that we analyzed apparently display two productive ot rearrangements. This argues against a regulated model of sequential recombination at the ot locus and consequently raises the question of whether allelic exclusion of the TCR ot chain is achieved at all.
T
he mouse TCR ot/~ is a disulphide-linked heterodimeric integral membrane glycoprotein. Each chain of •40-45 kD contains a C and a V extracellular domain (1) . The diversity of each ot and B V domain results from the somatic recombination of ",,100 Va with "~50 joining ot (Jot) gene segments and of '~20 V/5 with two diversity fl (DE) and 12joining B (J~0) gene segments, respectively. Imprecise joining and addition of template-independent N-nucleotides further contribute to this diversity (2) . The TCR is closely related to Ig by similar domain organization, overall sequence homology, and conservation of key residues. Along this line, Chothia et al. (3) have proposed an outline of the TCR tertiary structure, based on the known three-dimensional structure of Igs.
Whereas B cells recognize epitopes on native antigenic proteins, T cells can only recognize antigens in the context of cell surface syngeneic MHC molecules (4) . The antigens recognized by T cells can be mimicked by synthetic peptides (5) . The crystallographic structure of two class I MHC molecules has revealed a groove in the external domain, where the antigenic peptide could lie (6) (7) (8) . There is now evidence that the antigens are naturally processed into short peptides that are loaded onto MHC molecules and exported at the cell surface (9) (10) (11) .
The T cell specificity for an MHC-peptide complex is determined exclusively by the TCR (12) . Accordingly, one question has received much attention. What is the diversity of the TCR.s carried by T cells of a given specificity?
The determination of the primary structure of a number of TCKs carried by T cell clones or hybridomas of a given specificity, mostly MHC class II restricted, has been performed for a variety of protein antigens, either of eucaryotic origin, such as pigeon cytochrome c (pcc) 1 (13) (14) (15) (16) (17) (18) (19) , beef insulin (Bi)
1 Abbreviations used in this paper: Bi, beef insulin; CS, circumsporozoite; HA, hemagglutinin; HEL, hen egg lysozyme; LCMVgp, lymphochoriomeningitis virus glycoprotein; MBP, myelin basic protein; pcc, pigeon cytochrome c; SpWMb, sperm whale myoglobin. (20, 21) , hen egg lysozyme (HEL) (22) , sperm whale myoglobin (SpWMb) (23) , and murine myelin basic protein (MBP) (24, 25) , or of viral origin, such as X repressor cI (~,cI) (26, 27) , influenza virus hemagglutinin (HA) (28) , and lymphochoriomeningitis virus glycoprotein (LCMVgp) (29, 30) . Studies on hapten-specific T cells, for which the presented form of antigen is unknown, have been also undertaken (31) (32) (33) (34) .
The general picture that emerges from these studies is that T cells of a given class II MHC-peptide complex specificity bear TCRs that exhibit a limited diversity. This limitation concerns in most cases both ol and/3 chains, and for each chain, both the V and J segments, and the amino acid composition of the junctional region, where for the/3 chain a conserved amino acid was observed. Strikingly, the selective pressure is such that T cells with identical TCR o~ and/or chains have been isolated from different individual mice at a high frequency.
We have previously reported the isolation of H-2K drestricted CD8 + CTL clones specific for the P. berghei circumsporozoite (CS) protein. (35, 36 ; Romero et al., manuscript in preparation). Notably, some of these clones were shown to protect the mice from malaria upon adoptive transfer. In this system, the nonapeptide PbCS 252-260 was shown to be the most potent peptide both in terms of K d binding and CTL recognition (37) .
We have now determined the primary structure of the cr TCRs carried by 28 independent H-2Ka-restricted CTL clones specific for the P. berghei CS nonapeptide using cDNA-PCR followed by sequencing. To this end, we have developed and followed two original procedures. First, we have screened each T cell clone by PCR with a collection of 19 Vol and 20 V~/oligonucleotides in conjunction with a Ca and a C~ oligonucleotide, respectively. Second, we have set up new conditions for directly sequencing double-stranded PCR products (38) .
In this first extensive analysis of a class I MHC-restricted response, we found that although the TCRs were highly diverse in terms of Vo4 Jc~, and J~/segments and amino acid composition of the junctional regions, the response was paradoxically dominated by a VB segment. We also observed that nearly all clones had rearranged both TCR ot loci and that in as many as one third of these clones, both rearrangements were apparently productive.
Materials and Methods
Cells. The isolation of CTL clones CS.B28, CS.B83, CS.C1, CS.C7, and CS.Cll from BALB/c mice immunized with P. berghei sporozoites has been described dsewhere (35) . The other CTL clones analyzed in the present report were derived from mice immunized with synthetic P. berghei CS peptides. CTL clones that were originated from the same mouse are designated by a common capital letter followed by a number for each done. The panel of 28 independent CTL clones was obtained from a total of 13 immune mice. Briefly, the CTL dones can be grouped into six categories based upon the strain of mice, the antigen used for in vivo priming, and the antigen used for in vitro stimulation as foUows: (41) , Mm VB-TCR-6B (anti-VB13) (PharMingen, San Diego, CA), 14-2 (anti-V/~14) (42) and TR310 (anti-VB7) (43) . Briefly, cells were stained with saturating amounts of the anti-V~ mAb followed by an appropriate FITC-labeled anti-Ig second reagent or Avidin-PE. Samples were passed on a FACS II | flow cytometer (Becton Dickinson & Co., Sunnyvale, CA).
RNA Extraction, cDNA Synthesis, and PCR. Total RNA was extracted from 106 cells by disruption of the cells in guanidium thiocyanate followed by ultracentrifugation through a cesium chloride cushion. Pelleted tLNA was thereafter extracted once with phenol-chloroform, ethanol precipitated, and suspended in 50/~1 water. Single-stranded cDNA synthesis was carried out on 5/~g total RNA with oligo(dT)15 and AMV reverse transcriptase (Boehringer Mannheim Biochemicals, Indianapolis, IN) according to manufacturer's instructions. After an ethanol precipitation, the cDNA was suspended in 100/~1 water. PCR was carried out in 100/~1 on 1/100 of the cDNA with 1.5 U ofTaq polymerase (Cetus Corp., Emeryville, CA) according to manufacturer's instructions. The primers are listed in Table 1 . 30 cycles, each of 95~ for 1 min, 55~ for 1 min, and 72~ for 1 rain, were completed in a thermostater (Cetus Corp.).
Direct Sequencing of Double-stranded Linear DNA. The PCR products were ethanol precipitated and separated by electrophoresis on a 2% agarose gel. The band of interest was cut out, submitted to electrodution, and the duted DNA ethanol precipitated. This double-stranded linear DNA was directly sequenced with the Sequenase version 2.0 kit (United States Biochemicals, Cleveland, OH) and 3SSdATP as described (38) . Briefly, 0.4 pmol of template was boiled for 10 rain in 10 #1 with a 20-fold molar excess of sequencing primer. The sample was rapidly transferred to a dry-ice ethanol bath. Labeling mix (5.5/~1) was added to the frozen pellet and the tube allowed to warm. Once the ice melted, the solution was incubated for ~30 s at room temperature and then four 3.5-#1 samples were transferred to the borders of wells containings 2.5 /~1 of the respective ddNTPs mixtures. The 96-well plaque was then spun down and incubated at 37~ for 2 rain. The reaction was stopped by 5 ~1 of stop solution. The sequence products were separated on an 8 M urea, 6% acrylamide gel.
Probabilities. Let us consider that a rearrangement has a proba-bility p, to be productive: p1 depends on both the frequency of germline V, (D), and J pseudogenes and the frequency of unproductive V(D)J recombinations. Let us also consider a probability p2 for a productive rearrangement to shut off the recombination of the other locus: p2 depends on hypothetical post translational requirements, e.g., level of expression, heterodimer formation, cell surface expression, positive selection, etc. In any case, if the two ol loci rearrange sequentially and if the recombination is regulated, the proportion of cells with one productive plus one unrearranged (o~ § two productive (ol § § and one productive plus one unproductive (~ § c~ recombinations would be: 1/(2 -pip2), (1 -p2)p1/(2 -lOipa), and (1 -p1)/(2 -pip2), respectively. Thus, since F~ must be a value between 0 and 1/3, and ira between 0 and 1, these proportions can be estimated to be between 1/2 and 3/5, 1/6 and 0, and 1/3 and 2/5, respectively. Our observed values for any of the three categories differ significantly from these expected values. Even if we cannot rigorously discriminate between productive and unproductive rearrangements because we do not have the full-length sequences, it is established that only 4 of 28 CTL clones, at most, have still one unrearranged ol locus, instead of 14-17 as expected. Consequently, a regulated model of sequential recombination is unlikely to hold at the TCK a loci.
Results
A collection of 47 CTL clones, H-2K d restricted and specific for the PbCS nonapeptide 252-260, was derived from 13 mice and is described elsewhere (35, 36; Romero et al., manuscript in preparation). The combination of different mice and VB cell surface expression, as determined by fluorescence staining (see Materials and Methods), indicated that at least 23 clones were independent. All CTL clones were then tested by cDNA-PCR with a sense oligonucleotide specific for the Vfl determined by FACS | analysis and an antisense CB oligonucleotide (Table 1) , followed by direct sequencing of the double-stranded PCR product. This procedure allowed a rapid determination of putative sister clones, i.e., CTL clones isolated from the same mouse and displaying an identical TCR [3 gene sequence. Thus, 28 independent CTL clones could be identified unambiguously (Fig. 1 A) . All studies described below were carried out on these 28 clones.
Few CTL Clones Express Two Distinct VDJC [3 Transcripts. For each done, the nudeotidic sequence of the amplified cDNA revealed an open reading frame encoding TCR [3 chain key residues (Fig. 1 A and Fig. 2) . To further document these findings, we performed cDNA PCR on each CTL done with a coUection of 20 digonudeotides specific for each of the known functional V[3 gene segments of the V[3 b haplotype ( Table 1 ). All these primers were shown to amplify the respective V[3 gene segment under the experimental conditions used. 6 of 28 CTL dones were found to express two different VDJC [3 transcripts. However, only one transcript was productive in every case (Fig. 1 A and Table 2 ). Since most if not all V[3 gene segments are known (44), the combination of cell surface stainings and nudeotide sequences indicated that the transcripts encoding the functional [3 chains were unambiguously determined (Fig. 2) .
Nearly All CTL Clones Express Two Distinct VJC et Transcripts. We analyzed the VJC ot transcripts by cDNA-PCR followed by direct sequencing. Each CTL clone was tested separately with 19 consensus oligonudeotides designed according to the known members of 19 Vot subfamilies in conjunction with a Cot oligonudeotide ( Table 1) . In contrast to the ;~ transcripts, 23 of 28 CTL clones were found to express two different VJC ol transcripts (Fig. 1 B) . One of the five CTL clones in which only one VJC ot transcript was detected, C1, contained an out-of-frame transcript, and thus presumably expressed a second undetected in-frame transcript. Another CTL done, J5, was found to express an out-of-frame VDJC ~ transcript (Casanova et al., manuscript in preparation). The remaining three clones, Cll, J2, and L4, could possibly retain one unrearranged ol locus. However, given the large estimated number of Vot gene segments and pos- N T L YFG 2.
Y A E Q FFG 2. The Cys residue is at position 92 in the ~3 chain. The V/3 and J/3 seg-2 ments are also reported (see Fig. 1  9 3 for references). * Clones M2 (+ / + ) and J5 ( +/0) are included in this category because they express either a nonfunctional, although in-flame, ot transcript, due to the absence of the triplet coding for the key Cys residue at position 90, or a t5 transcript, respectively. Clone C1 (0/-) is also included because it bears an ot/B TCR on the cell surface and must therefore express a productive ot transcript in addition to the unproductive one detected (see Fig. 3 A) . SThe three clones Cll, J2, and L4 might express an additional t~ transcript that would not hybridize to the PCR primers (see Fig. 3 B) .
sibly subfamilies of unknown sequences, these clones might rather express an ot transcript that did not hybridize to the oligonucleotides used. Among the 23 CTL clones that expressed two ot transcripts, nine expressed both ot transcripts in frame at the VJCjunction. In one of them, M2, the triplet coding for the key Cys residue at position 90 was deleted (3). Because of partial sequencing, we cannot rule out that a Vot pseudogene segment could render one of the two ot transcripts unproductive in a number of these clones. However, the estimated frequency of Vot pseudogenes is low (45--47) . The remaining 14 CTL clones expressed one transcript in-frame and one outof-flame (Table 2) . Thus, for 16 CTL clones that expressed either a second unproductive ot transcript (including M2) or a ~ transcript (J5), the transcript encoding the functional ot chain could be assigned unambiguously ( Fig. 3 and Table 3 ).
The Vf113 Gene Segment-encoded Region Is Overrepresented.
Six Vfl gene segments from five different subfamilies are represented (Fig. 2) The Functional TCR ot Chains Are Also Highly Diverse The 16 known functional TCR ot chains were found to differ from each other (Fig. 3) . No Vot subfamily predominance such as the VB 13 among Vfls was observed. Overall, 8 different Vot subfamilies, 13 different Vot gene segments, and 13 different Jot segments were found among the 16 CTL clones. F3103 TTll * For 16 CTL clones, the functional ot chain, engaged in heterodirneric formation with the fl chain and specific of the H-2Ka-PbCS252-260 combination, was unambiguously determined. Indeed, 14 clones express a second, out-of-flame, ot transcript. In addition, clone J5 expresses a transcript, and one of the two in-flame ot transcripts from clone M2 has deleted the triplet coding for the key Cys residue at position 90. * Nomenclature and references for the VB, Jfl, Vot, and J~ gene segments are in the legend to Fig. 1 . The CDR3 lengths were found to be extremely variable, ranging from 4 to 11 amino acids and without any particular distribution. Moreover, no obvious amino acid conservation was found, even when loops of a given length and/or supported by a given Vot or JoL framework were compared. When all different possible ol chains from the CTL clones for which the functional ot chain was only putative were included in the analysis, the structural diversity was further increased. Altogether, the TCR c~ chain primary structures were found to be highly diverse.
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Discussion
We have analyzed the TCKs from 28 independent CTL clones specific for the PbCS nonapeptide 252-260 presented by the H-2K a restriction element. The sequences of the amplified TCK ol and 3 cDNAs were determined. From this analysis, two major observations were made. First, nearly all CTL clones have rearranged both TCK c~ loci, and as many as one third of these clones apparently display two productive ot rearrangements. Second, although all TCK ot and fl chains differ from each other and are highly diverse in terms of both Vc~ Jo~, JB segments and amino acid composition of the junctional regions, where no conserved amino acid was found, there is a strong dominance of the V~13 segment.
Rearrangements of the VDJ B Gene Segments. All CTL clones express only one productive VDJC 3 transcript and a few (22%) express an additional unproductive one (Table  2) . This study at the mRNA level by cDNA-PCR provides reasonably reliable information on genomic VDJ rearrangements. Similar proportions at the genomic level are described for the Ig H chain locus in B cells, where a regulated model of sequential recombination is believed to account for allelic exclusion (48) (49) (50) . In this model, a complete VDJ rearrangement occurs first on one chromosome, and only if this is not productive can the other locus then rearrange. Such a model predicts that on the average 40-50% of peripheral cells should contain two distinct VDJ rearrangements (see Materials and Methods). The somewhat lower level (22%) in the present study could be explained in part by rearrangements involving a V3 pseudogene of the V3 b haplotype (44, 51, 52), for which we did not design specific oligonudeotides. Since most if not all TCR V3 gene segments are presumably described, rearrangements involving new V3 segments are very unlikely (44) . Surprisingly, two mouse T cell clones harboring two productive ~ rearrangements have recently been reported (53, 54) . The relatively large series analyzed here suggests that the frequency of such ceils is very low and that consequently they may have little biological significance. Altogether, the TCR 3 gene VDJ rearrangements appear to be consistent with a regulated model of sequential recombination that maintains a strict allelic exclusion for the TCR B chain.
Rearrangements of the vj ol Gene Segments. In contrast to our findings for the B transcripts, nearly all CTL clones analyzed express two distinct oe VJC transcripts (Table 2) . Few previous studies have analyzed the status of rearrangements at both oe loci in T cell clones, mainly because of the size of the Joe locus, which extends over a stretch of 60 kb and thereby makes the analysis by Southern blot difficult and sometimes ambiguous (55) (56) (57) (58) . In one study, only 3 of 10 T cell clones were reported to be rearranged at both c~ loci (58) . In contrast, Malissen and colleagues (55) reported that both ol loci were rearranged in eight of nine T cell clones. Our cDNA-PCR approach with an extensive series of Vol primers followed by sequencing has allowed us to demonstrate unambiguously that at least 24 of 28 clones have rearranged both o~ loci. Thus, it is likely that both TCR oe loci are generally rearranged in most peripheral ol/B T cells.
At least 8 of the 28 CTL clones (29%) specific for the P. berghei CS nonapeptide appear to express two productive ol transcripts. In the literature, three T cell clones have been described that dearly bear two productive ol rearrangements (59) (60) (61) (62) , but in the absence of an extensive study to estimate the frequency of such cells, their biological relevance was unclear. Our study now indicates that the occurrence ofT cells that express two productive e~ transcripts is probably rather frequent. Moreover, it raises the question of whether TCR o~ chain allelic exclusion (i.e., the presence of a single heterodimer at the cell surface) is actually achieved in such lymphocytes.
Altogether, these results on the TCR oe gene VJ rearrangements strongly suggest that the recombination events at the TCR ~ loci differ considerably from those at the Ig and TCR 3 loci, and that a regulated model of sequential recombination may not hold for the TCR o~ genes (see Materials and Methods).
Diversity of the TCR ~ and 3 Chains. Several class II MHC-
restricted helper T cell responses to well-defined peptides have been reported. For some antigens, the number of sequences is too low to give an idea of the actual repertoire. For those studies with a sufficient number of sequences, there is dearly the occurrence of not only a dominant V3 segment but also an associated dominant J3 segment, a common CDR3 length, and a conserved amino acid in the non-V3-, non-J3-encoded part of the CDR3 loop (Table 4) . However, the diversity of the repertoire varies slightly from case to case and the response to HA appears to be the most diverse. In addition, a very striking feature is the fact that T cell clones bearing TCR/~ chains identical at the amino acid level could be isolated in all these studies from different individual mice at a high frequency. In contrast, apart from the V313 dominance, we found no structural limitations in the CTL response to the P. berghei CS nonapeptide-K d complex and no identical chains, despite a larger number of clones analyzed. A striking recurrence of particular combinations of Vo~ gene subfamily, Jot segment, and CDR3 length has been observed in most class II MHC-restricted T cell responses analyzed (Table 5 ). Most strikingly, T cell clones bearing identical ot chains were isolated from different individual mice. This is again compelling evidence for a very strong selective pressure, given the potential diversity of the receptor chains. As an exception, the response to HA appears to be more diverse. However, the function of the proteins encoded by the ol transcripts in the latter study is only putative, since data on the second TCR ~ locus are lacking. In the present study, in which we analyzed not only many but, most importantly, unambiguously assigned functional oe chains, we found no dominant Vo~ usage, no limitations on the junctional structures, and no identical oe chains.
For the 16 CTL clones in our study where the functional oe/3 pairing is unambiguous (Table 3) , there is no obvious preferential J~'JB pairing, nor Vow-V3 pairing. Rather, there is a large diversity of pairing between chains encoded by different Vo~ and V3 gene subfamilies or segments. Thus there are 11 or 15 different or/3 pairs, considering V gene subfamilies or segments, respectively, out of 16 TCRs. Notably, the V313 and V~8 subfamily-encoded chains appear to be mutually exclusive with those of Voe8. If the remaining 12 clones are included in the analysis, the diversity of pairing is further increased. In contrast, most other T cell responses analyzed to date display limited pairing diversity. Of these, the HA response appears to be the most diverse, but again, the o~ chains are only putative and so the pairing among functional chains could possibly be less diverse. In many studies, TCRs identical not only for one chain but for both the c~ and chains were isolated from different individual mice (Table 5) .
Each of the 28 CTL clones has a unique fine specificity pattern when tested for recognition of a series of Ala- Table 4 . The Vot indicates subfamilies. As opposed to the 3 chain, the non-V, non-J-encoded region of the ot chain is too small and unprecise to look for amino acid conservation.
substituted related peptides (Romero et al., manuscript in preparation). The clones thus appear to recognize a large number of epitopes on the CS nonapeptide-K d complex. This heterogeneity of fine specificity patterns clearly correlates with the diversity of TCR primary structure found for this set of CTL clones specific for the P. berghei CS nonapepfide-K d complex. A Paradoxical VB Dominance. As mentioned previously, the dominance of the V~13 gene segment may be peptide related, at least in part, since other Kd-restricted responses apparently fail to show a V~13 dominance. In agreement, a similar V~ dominance has been reported for the other responses studied, with no apparent correlation to the restriction element (Table 4 ). In the currently prevailing models of TCR-MHC-peptide interaction (3, 63, 64) , the CDR-1-like and CDR2-1ike loops of both c~ and B chains, encoded by the Vc~ and V~/gene segments, respectively, are thought to interact with MHC residues, whereas the CDR3-1ike loops would interact with the peptide. This general topology was based on the much higher variability of the CDR3 loop and the peptide, when compared to CDR1 and CDR2 loops and the MHC molecule, respectively. It is now supported by increasing experimental evidence, showing that naturally occurring (14, 16, 18, 23, 27, 28) and experimentally engineered (65) TCRs that vary only in a CDR3 loop display distinct peptide fine specificities. Accordingly, an apparently peptiderelated VB dominance in the context of otherwise highly diverse TCRs, such as we found in this study, is paradoxical. In the other studies, the overall diversity of the TCRs is very limited, thus, the V~ dominance might be considered as an indirect consequence of a peptide-related constraint acting on other parts of the receptor, for example on the conserved amino acid in the CDR3 loop thought to be a peptide contact residue (16, 27, 65) . In contrast, the high diversity of the TCRs in this study strongly suggests that the VB dominance in general might result from direct peptide-related constraints imposed by the peptide-MHC complex. Whether the VB dominance reflects a direct interaction of the VB segment with the peptide or an indirect effect of the bound peptide on the complex that in turn would favor the interaction of the VB segment with the restriction element is unknown.
What Determines the Size of'the TCR Repertoire? Apart from the VB dominance, the extent of diversity of the T cell repertoire appears to vary considerably according to the MHCpeptide ligand involved. Why the CTL response to a P. berghei nonapeptide appears to be more diverse than the other reported T cell responses is unknown. It may be significant that the latter studies analyzed class II MHC-restricted T helper responses. This difference might allow a compensation for the apparently lower number of class I-than class II-restricted antigenic sites within proteins.
More likely, the size of the MHC-peptide complex-specific repertoire would depend primarily on the overlap between epitopes displayed by self peptides and the antigenic peptide bound to the same restriction element. This would explain why the responses towards polymorphic variants of self proteins (pcc, SpWMb) are so limited and the autoimmune response against MBP is oligoclonal. Even the XcI peptide, although of viral origin, has been shown by Gefter and colleagues (66) to be homologous to a self peptide able to bind the same restriction element. Conversely, responses to the viral HA determinant and the parasite CS peptide may be more diverse because relatively few self peptides would generate overlapping tolerogen epitopes. Although the CTL response to the whole P. berghei CS protein in H-2 a mice is focused primarily on a single nonapeptide in the context of H-2K d, this peptide may be so distant to self that it triggers a highly diverse, and presumably highly potent, T cell response.
